Abstract. The topical application of all-trans retinoic acid (ATRA) is an effective treatment for several skin disorders, including photo-aging. Unfortunately, ATRA is susceptible to light, heat, and oxidizing agents. Thus, this study aimed to investigate the ability of polymeric micelles prepared from polyethylene glycol conjugated phosphatidylethanolamine (PEG-PE) to stabilize ATRA under various storage conditions. ATRA entrapped in polymeric micelles with various PEG and PE structures was prepared. The critical micelle concentrations were 97-243 μM, depending on the structures of the PEG and PE molecules. All of the micelles had particle diameters of 6-20 nm and neutral charges. The highest entrapment efficiency (82.7%) of the tested micelles was exhibited by ATRA in PEG with a molecular weight of 750 Da conjugated to dipalmitoyl phosphatidylethanolamine (PEG 750 -DPPE) micelles. The PEG 750 -DPPE micelle could significantly retard ATRA oxidation compared to ATRA in 75% methanol/ HBS solution. Up to 87% of ATRA remained in the PEG 750 -DPPE micelle solution after storage in ambient air for 28 days. This result suggests that PEG 750 -DPPE micelle can improve ATRA stability. Therefore, ATRA in PEG 750 -DPPE micelle is an interesting alternative structure for the development of cosmeceutical formulations.
INTRODUCTION
All-trans retinoic acid (ATRA) plays an important role to regulate cell growth and differentiation, especially in epithelial cells. It has been found to be an effective dermatological treatment (e.g., in the treatments of photo-aging, acne vulgaris, psoriasis, and many other skin diseases) (1) (2) (3) (4) . However, its topical use is limited by poor skin absorption due to preferential partitioning into and retention in the stratum corneum layer of the integument for this highly lipophilic drug (log P o/w =6.7) (5). It also causes undesirable adverse effects known as retinoid dermatitis on the treated area, resulting in irritation, erythema, stinging, itching, burning, and desquamation (6, 7) . In addition, ATRA has been reported to be susceptible to degradation by light, heat, and oxidizing agents (8) (9) (10) . Under light exposure, ATRA is rapidly isomerized, forming 13-cis and 9-cis retinoic acids. Various studies have shown that isomerase enzyme in the epithelial cells can metabolize these isomers of ATRA. Thus, they still have therapeutic activities upon topical application (11, 12) . However, ATRA can be oxidized into 4-hydroxy-, 4-oxo-, and 5,6-epoxy retinoic acids both in vivo and in vitro (10, 13, 14) . For instance, 5,6-epoxy retinoic acid has only 0.5% as effective as ATRA in promoting growth (15) . This evidence clearly shows that the oxidation products of ATRA limit the biological activity of pharmacological doses.
Most of previous researchers have attempted to prevent the light-induced degradation of ATRA by loading various carriers, such as liposomes (9, 16, 17) , niosomes (18) , phospholipid-based microemulsions (19) , and solid lipid nanoparticles (20) . However, none of the published articles mention attempt to protect degradation of ATRA from oxidation.
Amphiphilic micelles prepared from polyethylene glycol conjugated phosphatidylethanolamine (PEG-PE) are an attractive colloidal carrier for poorly soluble and amphiphilic substances (21) (22) (23) . They can solubilize hydrophobic substances in their inner cores. Importantly, polymeric micelles are considerably more stable than conventional surfactant micelles because the PEG molecules on their hydrophilic surfaces provide steric stabilization in aqueous systems and protect the micelles from interactions with other molecules (24, 25) . This agrees well with the experiment of Chang and Chu (26) , who found that micelle of PEG-poly(valerolactone) in phosphate buffer saline pH 7.4 could maintain its size without aggregation and dissociation at 37°C for 6 weeks. Moreover, the experiment of Koo et al. (27) showed that camptothecin loaded in PEGlyated phospholipids micelle was sufficiently high in stability in acetate buffer solution. This resulted from steric hindrance stabilized by PEGlyated coated particles on its surface against precipitation and remained in nanosize range. Moreover, both PEG and PE are chemical enhancing agents and can enhance drug permeation through the skin (28) (29) (30) (31) . The PE molecule as phospholipids is able to penetrate and disturb the structure of the stratum corneum lipid bilayer. This leads to increase partitioning of drug into the skin (32, 33) . The PEG molecule serves as nonionic surfactant which has potentially decreased surface tension of the stratum corneum. Thus, it enables to enhance drug diffusion through the skin (34) . A combination of enhancers, including PEG and PE, might synergistically enhance the skin absorption of the drug. Thus, this study aimed to investigate the ability of PEG-PE micelles to reduce ATRA oxidation. Methanol, chloroform, and acetonitrile were purchased from Lab-Scan (Gliwice, Poland).
MATERIALS AND METHODS

Materials
Determination of the Critical Micelle Concentration
To determine critical micelle concentrations (CMCs) of the PEG-PE copolymers, the copolymers were dissolved in chloroform. The solvent was evaporated to form a thin copolymer film. The trace residue of the organic solvent was removed from the film by overnight storage in a desiccator. The copolymer film was then rehydrated by adding 10 mM HEPES with 150 mM sodium chloride (pH 7.4; HBS solution) and then vortexing vigorously. The final concentration of PEG-PE was 5 mM. Next, the PEG-PE solution was diluted with HBS solution to concentrations ranging from 10 −3 to 10 −7 M. Excess ATRA powder was added to all of the diluted PEG-PE copolymer solutions. Then, the solutions were continually shaken at room temperature for 36 h under light protection and filtered through a 0.45-μm nylon membrane to eliminate any excess ATRA. ATRA that was solubilized in the micelle was quantified by HPLC.
The amount of ATRA in the PEG-PE micelles was determined using a reverse phase HPLC system (35) . HPLC was performed using a Shimadzu HPLC system (Shimadzu Corporation, Kyoto, Japan) with a pump (LC-20AT), a UV/VIS detector (SPD-20A), and a system controller (LC-20AT) with a PC control program (LC solution). The C 18 reverse phase Phenomenex Gemini 5u C 18 (250× 4.6 mm) equipped with a guard column (Phenomenex Security Guard drop-in guard cartridge holder, 4-mm stacking rings, 3-mm bore, and Phenomenex C 18 ) was used. The mobile phase was a mixture of acetonitrile and 10 mM ammonium acetate (75:25 v/v). The mobile phase was adjusted to pH 3.0 with glacial acetic acid. The solution flowed at 1.5 ml/min. ATRA was 
Preparation of ATRA Loaded in the PEG-PE Polymeric Micelles
ATRA loaded in PEG-PE micelles and empty PEG-PE micelles were prepared by solvent evaporation (36) . In brief, a fixed amount of PEG-PE copolymer at CMC value and ATRA was dissolved in chloroform. It was mixed well together further evaporated to form a thin film of ATRA copolymer. After a trace residue of solvent was eliminated, the film was rehydrated in HBS solution to yield ATRA in PEG-PE polymeric micelles. Excess ATRA was removed by filtrated through 0.45 μm nylon membrane. The supernatant was quantified ATRA solubilized in the micelles by HPLC. The experiment was also performed under light protection for preventing ATRA degradation. In addition, the fixed amount of PEG-PE copolymers at micelles formation without ATRA was prepared in the same fashion as the empty PEG-PE polymeric micelles.
Characterizations of ATRA Loaded in the PEG-PE Polymeric Micelles
Determination of Micelle Size
The average particle diameter and size distribution of the PEG-PE micelles in HBS solution were determined by photon correlation spectroscopy (Brookhaven Instruments, Holtsville, NY).
Zeta Potential Analysis
The zeta potentials of the PEG-PE micelles were measured with a zeta potential analyzer (Brookhaven Instruments, Holtsville, NY).
Entrapment Efficiency of ATRA Loaded in the PEG-PE Polymeric Micelles
A fixed amount of PEG-PE copolymer at CMC was dissolved in chloroform. ATRA (2, 5, and 10 μg) was also dissolved in another volume of chloroform. Both solutions of PEG-PE and ATRA were then well mixed before solvent evaporation. The thin film of ATRA copolymer was eliminated a trace residue overnight. This film was then rehydrated by HBS solution and filtered through 0.45 μm nylon membrane for eliminating excess ATRA. A supernatant of ATRA solubilized in PEG-PE micelles was quantified the amount of ATRA by HPLC. The entrapment efficiency and the loading capacity were calculated using the following (Eqs. 1 and 2):
where a is the amount of ATRA solubilized in the PEG-PE micelles, b is the amount of ATRA added initially, and c is the amount of PEG-PE copolymer forming micelles. The chemical stability of the PEG-PE micelle that entrapped the most ATRA was then further studied.
Differential Scanning Calorimetry
The empty PEG-PE and ATRA-loaded PEG-PE micelles were prepared in a same fashion as described above and freezedried. The differential scanning calorimetry (DSC) spectra of pure ATRA and freeze-dried micelles (drug-loaded and blank) were recorded by a Mettler Toledo Star System DSC1 in the temperature range of 30 to 250°C (scanning rate 5°C/min).
Stability Study Under Various Storage Conditions
The stability of ATRA loaded in selected PEG-PE micelles was studied under different storage conditions. 
Another set of the samples was wrapped with aluminum foil (the "light protection" group). These samples were collected at the designated times of 1, 2, 3, 5, 7, 14, 21, and 28 days. The percentage remaining of ATRA in micelle and 75% methanol/ HBS solution was quantified by HPLC.
Data and Statistical Analysis
All experiments were performed at least in triplicate. The data were normally expressed as means with standard deviations (±SD). One-way ANOVA was used to evaluate the CMC values and characterize the PEG-PE micelles. The Student's t test was performed to stability test. A P value of 0.05 or less was considered significant.
RESULTS AND DISCUSSION
Determination of the Critical Micelle Concentration
The amount of ATRA loaded in the micelles was quantified using a reverse phase HPLC system. The chromatogram was calculated based on peak height against ATRA concentration. Peak purity of ATRA was also investigated by studying the photodiode array data; no indications for impurities could be found. This method gave a good separation of ATRA (Fig. 1a) and its isomers whose quantitative identification was not included in the aim of this study (Fig. 1b) . Both hydrophilic and hydrophobic fragments influence the micelle CMC; therefore, various fragment lengths were studied. The CMCs of PEG-PE copolymers in HBS solution are shown in Table I . Increasing the length of the hydrophobic fragment (with the hydrophilic fragment kept at a constant length) resulted in a low CMC. This can be explained by the fact that the increased hydrophobic fragment length influences the hydrophobic interactions among these fragments, forming a micellar core that rapidly reaches a micellization equilibrium state (37) . These results are consistent with the findings of Chang and Chu (26), who found that the CMC value of PEG-poly(valerolactone) micelle decreased with increasing length of hydrophobic fragment. It indicated that the long length hydrophobic fragment helped to form micelle. The experiment of Kim et al. (38) also studied an identical PEG fragment with various caprolactone fragments. Result showed that length of caprolactone fragment increased, the CMC value decreased. Additionally, monounsaturated bonds were also observed on the PE chains; these bonds affected the CMC. The CMC of PEG 750 -DOPE was 6.98× 10 −5 M, which is slightly lower than that of saturated polymeric micelles (PEG 750 -DSPE). Based on these results, the length and the structure of the hydrophobic fragment affect the CMC.
Increasing the hydrophilic fragment length (while keeping the hydrophobic fragment length constant) also resulted in a low CMC. The CMC of PEG 5000 -DPPE polymeric micelles was significantly decreased compared with that of PEG 750 -DPPE polymeric micelles. This can be explained in the fact that micelle formation requires the presence of two opposing forces. One is an attractive force between hydrophobic fragments leading to aggregation as described above. The other is a repulsive force that prevents an unlimited growth of micelles into a distinct macroscopic phase (39) .
Characterizations of ATRA Loaded in the PEG-PE Polymeric Micelles
Determination of Micelle Size
Dynamic light scattering was used to measure the hydrodynamic diameters of PEG-PE polymeric micelles in HBS solution (Table I ). The sizes of the PEG-PE polymeric micelles were all in the range of 6 to 20 nm. The polymeric micelle prepared using short hydrophilic fragments (PEG 750 ) yielded micelles with diameters of less than 10 nm, whereas those with long hydrophilic fragments (PEG 5000 ) produced micelles with an average diameter of 17 nm. In addition, the size distributions of the PEG-PE polymeric micelles were found to be uniform.
Zeta Potential Analysis
The zeta potential determines the charge on the micellar surface. All PEG-PE micelles had neutral charges (Table I) due to the neutral charges of the PEG molecules. This study is (40) which showed that the zeta potential of PEG-PE micelles approaches a zero value with increased lateral density of PEG fragment. Although PEG-PE micelles present neutral charge, the high density of the PEG leading leads to decreasing coagulation and increasing stability of PEG-PE micelles due to steric repulsion.
Entrapment Efficiency of ATR Loaded in the PEG-PE Polymeric Micelles
To study the ATRA entrapment efficiencies of various types PEG-PE micelles, various amounts of ATRA were added in micelle preparations. The amount of ATRA that was added influenced the amount of ATRA that was entrapped in the PEG-PE micelles (Table II) . The entrapment efficiencies and loading capacities of ATRA in all of the polymeric micelles increased when the amount of ATRA that was added increased from 2 to 5 μg. A decrease in the entrapment efficiency was observed when the amount of ATRA added was 10 μg but not in the loading capacity of ATRA.
Because PE fragments served as the micellar core for ATRA entrapment, the lengths of the PE fragments strongly affected the ATRA entrapment efficiency. Among the PEG 750 -PE copolymers, the PEG 750 -DPPE micelles produced the highest ATRA entrapment efficiency (approximately 83%). An increase in the length of PE fragment from C14 to C16 led to the increase loading capacity of ATRA in the micellar core (P≤0.05, Fig. 2 ). In addition, the increase in the length of PE from C16 to C18 also influenced the loading capacity of ATRA (P≤0.01). A possible explanation is the compatibility between ATRA and the DPPE fragments (41) . Therefore, ATRA entrapped in PEG 750 -DPPE micelles was selected for further studied.
Differential Scanning Calorimetry
PEG 750 -DPPE was selected to prepare polymeric micelles DSC study as it gave the highest entrapment efficiency of ATRA. The DSC thermogram of ATRA powder showed two endothermic peaks at 147°C and 183°C [ Fig. 3 (a) ] corresponding to the melting point of ATRA and 13-cis RA, respectively, as also suggested by Berbenni et al. (42) . The thermogram of freeze-dried empty PEG 750 -DPPE micelles showed only one endothermic peak at 96°C [ Fig. 3 (b) ]. For ATRA-loaded PEG 750 -DPPE micelles, the DSC thermogram showed endothermic peaks at 97°C and 154°C [ Fig. 3 (c) ]. The lower endothermic peak at 97°C presents melting temperature of DPPE which was similar to the thermogram of the PEG 750 -DPPE micelles. Interestingly, the thermogram peak of retinoic acid both ATRA and 13-cis RA disappeared and found new peak at 154°C. This result is in agreement with the previous studies showed that mixture of DPPE with ATRA gave a slight broadening of DPPE (43, 44) . In addition, the endothermogram of DPPE was slightly shifted to lower temperature.
Stability Study Under Various Storage Conditions
Because ATRA was not dissolved in an aqueous medium, ATRA solution used as a control was prepared by dissolving in 75% methanol/HBS solution. Degradation profiles of ATRA loaded in PEG 750 -DPPE micelles and 75% methanol/ HBS solution with and without light exposure were studied under different storage conditions; the results are shown in Figs. 4 and 5, respectively. Under light exposure, ATRA in all formulations of the PEG 750 -DPPE micelle storage under oxygen, nitrogen, and ambient air showed degradation reached a plateau by 2 h where as that of ATRA dissolved in 75% methanol/HBS solution reached a plateau by 1 h (Fig. 4,  insert) . In addition, the amount of ATRA in the micelle solutions decreased exponentially with time in a manner similar to that of ATRA in 75% methanol/HBS solution. Thus, ATRA degradation by light in PEG 750 -DPPE micelle formulations follows first-order kinetics. This result agrees with previous finding in the literatures (16, 18, 45) . The amount of ATRA in micelles storage in oxygen, nitrogen, and ambient air-filled environments was 36.4%, 41.9%, and 38.3%, respectively, while ATRA in 75% methanol/HBS solutions remained 22.2%, 22.8%, and 27.4% of initial amount when stored in oxygen, nitrogen, and ambient air-filled environments, respectively. These results showed that the stability of ATRA loaded in micelles was superior to that of ATRA solubilized in 75% methanol/HBS (P≤0.01). It is noteworthy that an appearance of PEG 750 -DPPE micelle formulation was transparent. Thus, light can penetrate through a micelle solution and lead to isomerization. However, as discussed previously, isomerization of ATRA has therapeutic activity on topical application (11, 12) . Interestingly, the micelle of PEG 750 -DPPE could significantly reduce ATRA degradation caused by oxygen under light protected (P≤0.01). The remaining of ATRA in the PEG 750 -DPPE micelles was 87.3% while it was only 43.3% in 75% methanol/HBS solution for a day in oxygen-filled environment (Fig. 5) . It was also found that under light protected, ATRA in all conditions of the PEG 750 -DPPE micelle degraded slower than that of ATRA in 75% methanol/HBS solution (P≤0.01). Comparing among three conditions, the amount of ATRA loaded in PEG 750 -DPPE micelles significantly decreased in oxygen-filled environment (P≤0.01). It remained about 78.4%, 94.4%, and 93.3% for 3 days of incubation in oxygen, nitrogen, and ambient air-filled environments, respectively. The remaining of ATRA in the PEG 750 -DPPE micelles stored in ambient air was about 90% for 7 days of incubation.
Furthermore, up to 87% of the initial ATRA in the PEG 750 -DPPE micelles still remained after 28 days of incubation under ambient air and light protected. The PEG moieties have a high affinity to water molecules and may create a hydrated surface surrounding the micellar core. In the presence of this hydrated surface, the minimal interfacial free energy may reduce the attractive force and protecting the colloidal carriers from interacting with other molecules (46, 47) . In addition, the PEG moieties are well hydrated and flexible. We postulated that hydrated surface of the PEG moieties surround the micellar core may retard oxygen diffusion leading to the reduction of ATRA oxidation (Fig. 6) . The degree of water disturbance by the PEG moieties is correlated with the PEG's flexibility. Frequent PEG movements reflect its high flexibility and can temporarily squeeze out of water molecules; this may restrict the diffusion of other molecules (48, 49) . In particular, it may restrict oxygen diffusion through the hydrated layer of PEG moieties and retard ATRA degradation in the PEG 750 -DPPE micelles.
CONCLUSION
This study demonstrated that PEG 750 -DPPE micelles significantly slowed the degradation of ATRA in the presence of atmospheric oxygen. We postulate that the PEG plays an important role in the reduction of oxidation by creating hydrophilic hydrated layer surrounding the micellar core and thus retarding oxygen diffusion. Our results suggest that PEG 750 -DPPE micelles are promising carriers for ATRA. Further stability improvement was made by freeze-drying. However, only ATRA in micelle formula seems not to be good enough for producing a commercial product with acceptable shelf-life. We recommend ATRA in the PEG 750 -DPPE micelles will be further prepare to powder form by freeze-drying. Cross-linking corona shell of the PEG 750 -DPPE micelles producing nanospheres particle is also an alternative recommend.
